The early appearance of serotonin and its receptors during prenatal development, together with the many effects serotonin exerts during CNS morphogenesis, strongly suggest that serotonin influences the development and maturation of the mammalian brain before it becomes a neuromodulator/neurotransmitter. Sites of early serotonin biosynthesis, however, have not been detected in mouse embryos or extraembryonic structures, suggesting that the main source of serotonin could be of maternal origin. This hypothesis was tested by using knockout mice lacking the tph1 gene, which is responsible for the synthesis of peripheral serotonin. Genetic crosses were performed to compare the phenotype of pups born from homozygous and heterozygous mothers. Observations provide the first clear evidence that (i) maternal serotonin is involved in the control of morphogenesis during developmental stages that precede the appearance of serotonergic neurons and (ii) serotonin is critical for normal murine development. Most strikingly, the phenotype of tph1؊/؊ embryos depends more on the maternal genotype than on that of the concepti. Consideration of the maternal genotype may thus help to clarify the influence of other genes in complex diseases, such as mental illness.
S
erotonin participates in a wide range of physiological systems including the control of gastrointestinal motility and secretion, cardiovascular regulation, hemostatic processes, the regulation of circadian rhythms, the sleep-wake cycle, perception of pain, appetite, manifestation of nausea, and sexual behavior. Accumulating in vitro evidence also indicates that serotonin signaling participates in the regulation of development in many animal phyla before the onset of neurogenesis. Serotonin thus plays a role in development before it acts as a neurotransmitter (1) (2) (3) . Serotonin affects craniofacial, gastrointestinal, and cardiovascular morphogenesis in chicken, rat, and mouse; these effects are often mediated by the serotonin 2B receptor (4) (5) (6) (7) . Altogether, the presence of serotonin, its receptors, and transporter during development and the ability of compounds that modulate serotonergic signaling to interfere with development suggest that serotonin functions as a humoral morphogen (8) (9) (10) . Sites of early serotonin biosynthesis, however, have not been detected in embryos or extraembryonic structures of the mouse. It has therefore been assumed that the main source of serotonin is maternal (11) .
We have generated a mouse line deficient in peripheral serotonin biosynthesis. Targeted disruption of the tryptophan hydroxylase 1 (tph1) gene resulted in levels of circulating serotonin that are only 3-15% of those of normal mice. The null mutants (tph1Ϫ/Ϫ) from heterozygous crosses are viable and display no gross anatomical abnormalities, but they develop cardiac insufficiency in adulthood (12) . The tph1Ϫ/Ϫ mice thus provide a convenient tool to address the developmental role of maternal serotonin. tph1-null females were bred with tph1 wild-type, heterozygous, or null males. In this study we show that the phenotype of the embryos depends on the genotype of the mothers and not on that of the embryo. Our in vivo work clearly establishes for the first time that maternal serotonin production is an important determinant of normal development. The contribution made by interference with the early availability of maternal serotonin to the pathophysiology of developmental disorders, such as phenylketonuria (PKU) and autism, should now be investigated.
Results
Maternal Serotonin Ensures Normal Development. To address the requirement for maternally derived serotonin in the developing mouse embryo, wild-type (tph1ϩ/ϩ), heterozygous (tph1ϩ/Ϫ), and null mutant (tph1Ϫ/Ϫ) females were bred with wild-type (tph1ϩ/ϩ), heterozygous (tph1ϩ/Ϫ), and null mutant (tph1Ϫ/Ϫ) males (Table 1) .
Nineteen different crosses were carried out to obtain each of the possible embryonic genotypes. We first analyzed wild-type, heterozygous, and null mutant embryos from crosses between wild-type and heterozygous parents. Homozygous (tph1Ϫ/Ϫ) and heterozygous (tph1ϩ/Ϫ) embryos obtained from these crosses were indistinguishable from their wild-type littermates (Fig. 1A, embryos 1 and 2 ). In comparison, the embryos born to tph1Ϫ/Ϫ mothers, as a result of breeding with a tph1Ϫ/Ϫ, a tph1ϩ/Ϫ, or a wild-type male were significantly decreased in size (Fig. 1B, embryos 3 and 4) . Size was evaluated by measuring the crown-rump length (CRL) of the embryos. A 15-30% reduction was observed in embryos obtained from tph1-null mothers as compared with null embryos from heterozygous mothers.
Microscopic investigations were carried out on longitudinal sections of the whole embryos illustrated in Fig. 1 . This analysis ( Fig. 2 A and B) revealed striking abnormalities in the entire brain region. In particular, the shapes of rhombencephale regions and the roof of the neopallial cortex were altered in a heterozygous embryo from a null mother (Fig. 2B ). This abnormality was not observed in wild-type, heterozygous, or null embryos obtained from a tph1ϩ/ϩ or tph1ϩ/Ϫ mother bred to a tph1Ϫ/Ϫ, tph1ϩ/Ϫ, or wild-type male (Fig. 2 A) .
Most importantly, sagittal sections of heterozygous (tph1ϩ/Ϫ) embryos born to a null mother and a wild-type father (Fig. 2B) displayed identical features as a null homozygous embryo (Fig.  1B , embryo 4) obtained from a cross between a tph1Ϫ/Ϫ female and tph1Ϫ/Ϫ male (Fig. 2B , and data not shown). The results indicate that the genotype of the mother influences embryonic development regardless of genotype of the embryo. In addition, the observations strongly support the idea that a maternal source of serotonin is necessary for normal development.
To define further the abnormalities observed in the cranial region of embryos obtained from null mothers, a pulse of BrdU was administered 2 h before the embryos were collected. The incorporation of BrdU provided an estimate of mitotic activity. Sites of BrdU incorporation were detected immunocytochemically. These studies revealed that the number of BrdUimmunoreactive cells in the ventricular zone of heterozygous embryos obtained from a tph1-null mother and a wild-type father (Fig. 2D ) was 30% less than that of null embryos born to heterozygous parents (Fig. 2C) . A 24% reduction in the number of BrdU-positive cells was also observed (Fig. 2 E and F) at the level of the roof of the neopallial cortex (future cerebral cortex). No genotype-related differences were found in the number of BrdU-immunoreactive cells in the spinal cord ( Fig. 2 G and H) .
Developmental and Tissue-Specific Expression of TPH1 and TPH2. To test further the hypothesis that maternal rather than embryoderived serotonin is essential for normal development, we determined the time when the activities of embryonic tph1 and tph2 first gave rise to serotonin. A detailed analysis of transcripts encoding tph1 and tph2 was carried out at different developmental stages by using in situ hybridization (ISH). Specific 3Ј UTR probes were used that enabled transcripts encoding tph1 and tph2 to be distinguished. ISH was carried out either in toto or on sagittal sections cut in embryos at embryonic day 8.5 (E8.5) and older. In addition to ISH studies with specific probes in wild-type mice, advantage was taken of the nlsLacZ cassette that was inserted to inactivate the tph1 gene to detect sites of expression of the locus in null mice by demonstrating LacZ expression. Insertion of the nlsLacZ marker into the tph1 locus made it possible to follow the transcriptional activity of the tph1 promoter in cells lacking tph1 expression and to analyze the fate of these cells in the developing mouse (12) . Because ␤-Gal staining faithfully mimicked tph1 expression at each developmental time analyzed, only the TPH1 data are presented (Fig. 3) .
Strong expression of transcripts encoding tph1 in the pineal gland of wild-type mice was detected beginning at E14.5 (Fig.  3A) . In contrast, transcripts encoding tph1 were not detected anywhere in the developing CNS (data not shown). TPH1 expression was observed in the fetal gut for the first time at E15.5 ( Fig. 3B ). Transcripts encoding tph1 were found in every segment of the gastrointestinal tract below the region of the esophagus. Cells containing transcripts encoding tph1 were present in the epithelium and extended cytoplasmic processes toward the lumen and were thus identified as probable enterochromaffin cells. By immunohistochemical analysis in mutant embryos using antibodies to ␤-Gal we demonstrated that the numbers of ␤-Gal-expressing cells increased after birth (unpublished results). This observation is consistent with the known continuous differentiation of enterochromaffin cells from stem cells in crypts throughout life.
The expression of transcripts encoding TPH2 were investigated in parallel with those encoding TPH1. Transcripts encoding TPH2 were first detected at E10.5 in the developing CNS (Fig. 4A ). The first cell in which transcripts encoding TPH2 was observed appeared in the ventral hindbrain in proximity to the floorplate. Transcripts encoding TPH2 were not detected in the pineal gland of either wild-type or tph1Ϫ/Ϫ embryos during development or thereafter (data not shown). Within the developing bowel (Fig. 4B) , as reported previously (13), neurons were recognized as early as E12.5. Subsets of these neurons began to express tph2 at about the same time (E12.5). We have previously 
Data show the type (maternal and paternal genotypes) and number of crosses performed to produced the embryos and the number of embryos of wild-type, heterozygous, and homozygous null genotype. All 170 embryos were measured; 104 embryos were further analyzed. *A total of 3.6 -6.7% of embryos obtained from tph1ϩ/ϩ or tph1ϩ/Ϫ females were normal but with smaller CRL (7.4 -7.5 mm). † A total of 80 -88.9% of embryos from tph1Ϫ/Ϫ mothers were smaller (CRL: 5.8 -7.4 mm) and presented developmental abnormalities. The remaining 15-20% were normal in size albeit the CRL values were in the lower range. Sagittal cuts presented no gross abnormalities. demonstrated that tph2 expression is maintained in the neural tissues of adult mice (12) . These data provide evidence that the expression of tph2 mRNA is strictly neuron-specific, albeit not brain-specific, even during fetal life.
The detailed analysis of tph1 and tph2 expression during fetal life clearly pinpoints a tissue-specific developmental expression pattern of the two TPH isoforms. Previous studies have indicated that in the mouse central serotonergic neurons can first be detected at E11.5 with anti-serotonin antibodies (14) (15) (16) . Our results further show that the serotonin detected at this stage is likely to be synthesized by the newly expressed TPH2. TPH2-dependent embryo-derived serotonin at E11.5, however, is not sufficient to prevent abnormal phenotypic expression in tph1Ϫ/Ϫ embryos born to a tph1Ϫ/Ϫ mother. The TPH1-derived maternal source of serotonin is therefore an important contributor to the normal appearance of tph1-null embryos.
Discussion
Phenotype of tph1-Null Mutant Mice Depends on the Mother's Genotype. In humans, as well as in most other mammalian species, serotonin is produced by two distinct enzymes, TPH1 and TPH2. TPH1, which is located in the pineal gland and gut enterochromaffin cells, is responsible for synthesizing most of the serotonin found in the body (17, 18) . TPH2, which is restricted to neurons of the raphe nuclei and the enteric nervous system, is responsible for the synthesis of the remaining serotonin. Approximately 95% of the body's serotonin is found in the bowel; Ͼ90% of that is produced by enterochromaffin cells and thus is synthesized by TPH1. Virtually all of the serotonin in the bloodstream is located in blood platelets, which do not themselves synthesize serotonin. Platelets take up overflow serotonin from the gut and contain no serotonin in knockout mice lacking the plasmalemmal serotonin transporter (SERT) (19) . TPH1, therefore, is indirectly responsible for synthesis of blood serotonin. Recently, tph1Ϫ/Ϫ homozygous mice have been generated from heterozygous parents. These animals are viable and show no gross anatomical alterations. As adults, however, tph1Ϫ/Ϫ mice develop cardiac insufficiency, which in some conditions may lead to death (12) . Gastrointestinal motility is also slowed in tph1Ϫ/Ϫ mice. ¶ In the current work genetic crosses were carried out to investigate pups born to tph1-null mothers. Quite remarkably, these pups displayed dramatic abnormalities in the development of the brain and other tissues, irrespective of whether they were tph1ϩ/Ϫ or tph1Ϫ/Ϫ; therefore, the phenotype of the pups must not be linked to their own tph1 genotype but to that of their mothers. These findings, confirmed by histological investigations, provide the first unambiguous demonstration that physiologically significant serotonin of maternal origin must be present in embryos before E11. This maternally derived serotonin is essential for the normal development of fetuses. Serotonin found in blood platelets was previously shown to be reduced in tph1Ϫ/Ϫ as compared with tph1ϩ/Ϫ females (12) . Values for circulating serotonin in tph1ϩ/Ϫ females were the same as in wild-type females but dropped to 3-15% of wild-type in tph1Ϫ/Ϫ females (12) . Embryos of tph1-null mothers are exposed to very low levels of serotonin during early embryogenesis, irrespective of the tph1 genotype of the embryos. Affected animals display major alterations in their development. In sharp contrast, pups that are born to heterozygous mothers have been exposed to a normal (maternal-derived) blood level of serotonin. These animals appear to be normal at birth, no matter whether their genotype is tph1Ϫ/Ϫ or tph1ϩ/Ϫ.
The importance of the maternal genotype suggests that there is a threshold serotonin level that must be achieved in order for embryos to develop normally. As shown in Table 1 , however, 15-20% of null mice from null mothers were reduced in size but displayed no gross abnormalities (at least at this specific developmental time). Although smaller embryos (6.7%) were obtained from crosses between wild-type or heterozygous mothers, the gross abnormalities characteristic of embryos derived from tph1-null mothers were not observed. As presented in Table 1 , 27 tph1ϩ/Ϫembryos were obtained and studied from three different crosses between three tph1Ϫ/Ϫ males and three tph1ϩ/ϩ females. As a result, one embryo was smaller (CRL: 7.4 mm), but again sagittal sections revealed none of the gross abnormalities observed in the null embryos obtained from null mothers. In parallel, seven embryos were obtained and studied from one cross between a tph1Ϫ/Ϫ male and a tph1ϩ/Ϫ female. The three tph1Ϫ/Ϫ and four tph1ϩ/Ϫ embryos obtained from this cross appear normal at both the macroscopic and microscopic levels. All together, these results argue for a maternal effect on fetal development and against a major effect of a paternal imprinting contribution. An influence on embryonic development of putative additional factors such as the environment cannot, however, be excluded.
The current analysis of the expression of tph1 and tph2 established that the serotonin pool found very early in embryos is unlikely to be produced endogenously. Transcripts encoding TPH2 could not be detected until E10.5, a time that precedes the appearance of TPH2 protein by a half day. No transcripts encoding TPH2 were detected in the pineal gland of embryos. Transcripts encoding TPH2 were also detected starting at E12.5 within developing enteric neurons. Sites of tph1 expression were demonstrated by ISH as well as by taking advantage of the expression of the nlsLacZ marker inserted in place of the tph1 gene in tph1-null mice. Expression of transcripts encoding TPH1 appears in the pineal gland at E14.5 and in the fetal gut at E15.5 at all levels below the esophagus. Finally, transcripts encoding TPH1 could not be detected in the brain at any stage of development. Clearly, the endogenous production of serotonin in the developing embryo occurs much later than that of other serotonergic signaling molecules. For example, the serotonin 2B receptor and the plasmalemmal SERT have been detected as early as E8-9 (5-8, 11) . Furthermore, recent data in both chick and frog embryos have suggested that serotonin 2B receptors as well as the SERT and the serotonin-degrading enzyme MAO are involved in the early steps that pattern left-right axis (3). This indicates that serotonin is likely to be available in embryos long before the expression of Shh in the floor plate and thus before serotonergic neurons develop (3, 8) .
Maternal Serotonin May Be a Morphogen-Like Signaling Molecule.
Serotonin has been thought to act as a morphogen in early stages of development. For example, studies using cultured embryos have implicated serotonin in neural crest migration, craniofacial and limb development, mesenchymal cell proliferation, and the specification of neuronal identity and connectivity. The use of uptake inhibitors in cultured embryos also supports this view (ref. 3 and references therein and ref. 21) . Serotonin may thus participate in the shaping and/or maintenance of particular brain structures during early fetal life. These postulated roles of serotonin have now been investigated by using genetic tools. The reduced number of BrdU-labeled cells around the ventricular zone in embryos obtained from tph1-null mothers indicates that there is a lower-than-normal rate of mitosis in the neuroepithelium and provides evidence that abnormalities in serotonin signaling during development can perturb craniofacial development. Still unclear is the duration of embryonic life during which maternal serotonin is available to embryos and participates in their development. Intrinsic embryonic serotonin, which starts to be produced at E11 when tph2 expression begins, could play a morphogenetic role in subsequent fetal life. In any case, it should be stressed that during development the tph2 gene of the embryo is likely to act in concert with the tph1 gene of the mother; moreover, the tph1 gene from the fetus, which is expressed in the pineal gland and in the gut, could also participate in brain development after its expression begins. The facts that the blood-brain barrier is incomplete during early fetal life and that mechanisms to prevent the circulation of free serotonin are immature probably allow serotonin transferred from the mother to the fetal circulation to be physiologically active and influence development. How maternal serotonin is transferred to fetuses is unclear. Almost all circulating serotonin is present in platelets, and free blood serotonin is very low even when platelets lack the SERT and cannot take up serotonin (19) . There may thus be a mechanism that permits platelet serotonin to be released for transplacental transfer to the fetus.
The concept of a maternal effect on fetal development is not without precedent. In 1994, Letterio et al. (22) showed that maternal sources of TGF␤1 contribute to the normal appearance and perinatal survival of TGF␤-null newborn mice (22) . Immunohistochemical analyses revealed that TGF␤-null embryos and null newborn pups born to TGF␤ heterozygotes were TGF␤-immunoreactive, whereas those born to a null female were not TGF␤-immunoreactive and also displayed severe cardiac abnor-malities. In contrast to TPH1, however, TGF␤ heterozygous embryos born to null mothers showed no gross abnormalities. The maternal effect of TGF␤ serves to rescue fetuses from targeted intrinsic gene disruption. In comparison, maternal serotonin evidently exerts a physiological effect on ontogeny because its availability is required for normal fetal development. The genetic makeup of the mother supersedes that of the concepti. Such a situation is likely to occur in other instances, and their consideration may help clarify the influence of particular genes in complex diseases.
Serotonergic Abnormalities During Development. The observation that serotonin of maternal origin plays a critical role in embryonic development may help to rationalize disparate clinical observations and have therapeutic implications. PKU is an example. The maternal contribution of serotonin may explain the occurrence of some of the defects observed in babies born to untreated mothers with PKU. PKU is a recessive inborn error of metabolism caused by a deficiency of the hepatic enzyme phenylalanine hydroxylase. Phenylalanine, tyrosine, and tryptophan hydroxylases constitute a closely related family of enzymes. Dietary treatment during childhood is designed to lower the phenylalanine level to prevent neurological damage. If treatment is not resumed during pregnancy, brain and cardiac defects will occur in fetuses (23, 24) . An excess of phenylalanine leads to a secondary inhibition of both TPH and TH, thereby resulting in a severe decrease of serotonin in blood and cerebrospinal fluid in mothers with PKU and also in their fetuses. It is thus possible that it is the decrease in the serotonin's availability to the developing embryo that accounts for the brain and cardiac abnormalities observed in the children of mothers with untreated PKU.
Autism is another example in which the maintenance of a proper level of serotonin may be critical for normal brain development. The pathophysiology of autism is unknown, but autism is thought to be a ''disease of development'' (25) . Serotonin may be involved in the pathophysiology of autism because autism is frequently, although not invariably, associated with an elevated blood serotonin level. This inconsistency may reflect the fact that autism is diagnosed as a symptom complex and thus may represent a heterogeneous category of disease; nevertheless, because all of the serotonin found in blood platelets is derived from the bowel, the observation suggests that there is a defect, at least in affected individuals, in the gut as well as in the brain. The SERT, which mediates serotonin uptake by blood platelets as well as enteric and central serotonergic neurons, has also been implicated in autism (26, 27) , although recent studies have not shown a correlation between SERT polymorphisms and autism (28, 29) . Janusonis (30) has developed a mathematical model that involves a factor interfering with brain development in autism and which also regulates serotonin release or synthesis. This theory has not been proven. It is conceivable that variations in maternal serotonin levels exert subtle effects on brain development during early ontogeny irrespective of the proper levels of peripheral serotonin in the affected child. Abnormal serotonin levels have been detected in the blood of parents of autistic children even when these parents are not themselves autistic (31) . These considerations, however, do not exclude the possibility that an imbalance in the central or peripheral serotonin levels in a child could also contribute to the autistic phenotype. Autism thus might be a disease for which genetic analyses would benefit from taking into account the maternal tph1 genotype and blood serotonin levels during pregnancy of the mother in addition to the tph1 and tph2 genotypes of the offspring.
Finally, serotonin plays an important role in the regulation of gastrointestinal activity, which is not surprising because the bowel contains by far the body's largest pool of serotonin (18) . Serotonin and SERT also appear to play roles in the pathophysiology of functional disorders of gastrointestinal motility, including irritable bowel syndrome (IBS) (18, 32) . IBS affects as many as 20% of the population. The cause of IBS is unknown, but it has been demonstrated to be associated with decreased SERT expression in the gastrointestinal mucosal epithelium (33) . SERT develops before fetal expression of TPH1 or TPH2 is evident, and thus, for mucosal SERT expression to be influenced by serotonin, the source of the serotonin would have to be maternal. IBS does appear to have a familial contribution, although twin studies have shown only a modest contribution of genetics (34) . It is thus possible that maternal serotonin can contribute to fetal bowel development and account for a familial transmission that is independent of the genetic makeup of the fetus.
Materials and Methods
Mouse Embryos. All animal experiments were conducted in accordance with the French Ministère de l'Agriculture et de la Forêt and the European Community guidelines for the care and use of animals. The tph1 gene was disrupted in embryonic stem cells as previously described (12) . The tph1-null mutation was backcrossed onto a C57BL/6 background. Embryos were obtained from crosses between TPH1 wild-type, heterozygous, and homozygous males bred to TPH1 wild-type, heterozygous, and homozygous females. The day at which the vaginal mating plug was seen was taken as E0.5. For BrdU incorporation, pregnant females were injected intraperitoneally (2 g/kg) 2 h before sacrifice. Embryos were fixed with 4% paraformaldehyde in PBS 1ϫ buffer overnight. After fixation, embryos were rinsed twice in PBS 1ϫ buffer and were subsequently cryoprotected in 15% sucrose overnight and frozen. Sagittal sections covering the entire embryo were cut at 16 m with a cryotome. BrdU incorporation was measured by using ImageJ software.
In Situ Hybridization and Immunohistochemistry. ISH using specific 3Ј UTR sequences of tph1 and tph2 was used for riboprobe synthesis as described by Côté et al. (12) . Immunohistochemistry using rat anti-BrdU was carried out as described by Ravassard et al. (20) .
